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BIST Hardware Synthesisfor RTL Data
Paths Basedon TestCompatibility Classes

Abstract

New BIST methodologyfor RTL datapathsis presentedThepropose®IST methodology
takesadvantageof the structuralinformationof RTL datapathandreduceghetestapplication
time by groupingsame-typemodulesinto testcompatibility classe TCCs). During testing,
compatiblenodulesshareasmallnumberof testpatterngeneratoratthesametesttimeleading
to significantreductionsn BIST areaoverhead performancedegradationandtestapplication
time. Moduleoutputresponsefrom eachTCC arechecledby comparatoréeadingto substan-
tial reductionin fault-escap@robability. Only a singlesignatureanalysisregisteris requiredto
compresgheresponsesf eachTCC which leadsto high reductionsn volumeof outputdata
andoverall testapplicationtime (the sumof testapplicationtime andshifting time requiredto
shift out testresponses)This papershavs how the proposedl CC groupingmethodologyis a
generakaseof thetraditionalBIST embeddingnethodologyfor RTL datapathswith bothuni-
form andvariablebit width. A new BIST hardwaresynthesisalgorithmemploys efficient taku
search-basetstabladesignspaceaxplorationwhich combinegheaccurag of incrementatest
schedulingalgorithmsandthe explorationspeedof testschedulingalgorithmsbasedon fixed
testresourceallocation. To illustrate TCC groupingmethodologyefficiengy, variousbench-
mark and complex hypotheticaldatapathshave beenevaluatedand significantimprovements
over BIST embeddingnethodologyareachiesed.



1 Intr oduction

Registertransferlevel (RTL) is the abstractiorlevel in the behaioral domainof thevery large
scaleintegration(VLSI) designflow whereanintegratedcircuit is seenassequentialogic con-
sisting of registersandfunctionalunits that computethe next stategiventhe currentmemory
state.Thefunctionalunitswhich computethe next statelogic arearithmeticlogic units (ALU),
multipliersor complex multi-functionallibrary modules.The compleity of moderndigital cir-
cuitsrequiresautomatedynthesisandoptimizationtechniqueshatcanexploreawide classof
implementationghoicesusingcomputeraideddesign(CAD) tools[1]. High level-synthesiss
the processf generatindRTL structurefrom a behaioral description2]. The modules(func-
tional units) allocatedby high level synthesisalgorithmsare generatedy modulegenerators
which areableto synthesizehe layout of moduleswith high performanceanddevice density
Themodulesareplacedin modulelibrariesandhave identicalphysicalinformation. Giventhe
compleity of moderndigital circuitsit is necessaryhattestabilityis addressedt RTL dueto
fewer elementghanat the gatelevel which makestestsynthesisandtestschedulingproblems
moretractable.

1.1 Previouswork

Two mainapproachebave beenproposedo enhancehe testabilityof digital circuitsat RTL.
Thefirst approachs aimedat minimizing the compleity of automatictest patterngeneration
(ATPG).In [3] the complexity of ATPGfor scan-basedesignfor testability(DFT) techniques
is reducedby an efficient selectionof scanflip-flops using RTL information. The high test
applicationtime associateavith scan-basetechniques overcomeby usingscanchainrecon-
figurationto reduceshiftingtime [4] anduseof partialscandesignof RTL circuits[5]. However,
asignificantdisadwantageof thescan-basetechniquas thatat-speedestingwith thecomplete
testsetis not possible(i.e., all testpatternscannotbeenappliedat the operationakpeedof the
circuit). To solve at-speedestability nonscarDFT techniquesapplicableto RTL datapaths
wereproposedn [6]. Insteadof selectingflip-flopsto make controllable/obsembleasthecon-
ventionalscan-basedechniquesgxecutionunits are selectedusing an executionunit graph.
Performingat-speedestabilityandreducingtestareaoverheads achiezedatthe costof expen-
sive testpatterngeneratiorphase.To reducethe costsof testpatterngenerationan algorithm
thataddsminimal testhardwarein orderto ensurehatall theembeddeanodulesin the circuit
are hierarchicallytestablewas presentedn [7]. In [8] a techniquefor extracting functional
(control/dataflow) informationfrom RTL controller/datgpathis presentedthusavoiding the



useof highlevelinformation[7]. Recentlyin [9] atestabilityanalysisnethodologyfor modular
designss introducedwhich extractsa setof justificationand propagatiorrequirement$ased
on the cone-of-logicof eachinput and output. However, despitereducingboth areaoverhead
andATPG compleity thetestapplicationtime andthe volumeof outputdataarestill high.
The secondapproachio enhanceestabilityof RTL circuitsis built-in self-test(BIST) [10].
While scanBIST [11] eliminatesthe useof ATPG, it still requireshigh testapplicationtime
andvolumeof outputdataassociatedvith scanbaseddesign.On the otherhandparallelBIST
reduceshoth testapplicationtime andvolume of outputdata[10]. From now onwardsBIST
hardware synthesigefersto parallel BIST testhardwareinsertionfor RTL datapaths. BIST
hardware synthesisat RTL canbe further subdvidedto functional-base@ndstructural-based
BIST hardwaresynthesisFunctional-baseBIST hardwaresynthesidasednalgorithmicand
deterministicBIST schemewas presentedn [12].This algorithm usesa high-level cell fault
model, and data pathsare assumedo be composedof only specificadders/subtractersnd
multipliers. Combinationof differentBIST schemesandreusingpre-&isting modulesof the
datapathfor functional-base®IST hardware synthesisunderheterogenougestschemesvas
proposedn [13]. Anotherfunctional-basedIST hardware synthesig14] usesthe controller
netlistto extractthe testcontrol/dataflow to derive a setof symbolicjustificationand propa-
gationpaths. In [15] regular expressionbasedhigh level symbolictestability analysisfurther
reducedestareaoverheadinderdelayconstraintdy carefullycarefullyselectingasmallsubset
of registersto sene astestpatterngeneratorandoutputresponsenalyzers.Recently redun-
dang identificationandtestabilityimprovementof digital filter datapathswasproposedn [16]
which restrictsto circuitswhich aredescribedasa network of shift, add,delay sign-etension
andtruncationelementsAll thepreviousfunctional-base®IST hardwaresynthesigechniques
[12—-16] dependstronglyon the functionalinformationof datapathmodulesand/orhigh level
control/dataflow. On the other hand, structural-base®IST hardware synthesisinsertstest
registersby analysinginterconnectiondetweerregistersandmodulesin a given RTL netlist,
without usingthe functionalinformationof datapath modulesor high level control/dataflow.
This makes structural-base®IST hardware synthesismore suitableat RTL thanfunctional-
based®BIST hardwaresynthesisvhenonly the structuralinterconnectiorof datapathmodules
andregistersis given. An early structural-base®IST hardware synthesisalgorithmat RTL
waspresentean [17] without takinginto accountthetestapplicationtime. Anotherstructural-
basedBIST hardware synthesisalgorithmthat minimizestestapplicationtime andBIST area
overheadvasproposedn [18]. Thealgorithm,however, hasaninefficienttestabledesignspace
explorationdueto fixedtestresourceallocation,which meanghatthetesthardwareis allocated



beforethe testschedulingprocess Furthermorethe optimizationalgorithmlimits the number
of testplansto only four per module,leadingto limited numberof exploredtestabledesigns.
To overcomethe fixed testresourceallocation,simultaneougesthardware insertionand test
schedulingwvasproposedn [19]. While previoustestschedulingalgorithms[20—22] assumed
fixedtestresourceallocation,thework in [19] presente@nincrementatestschedulingproce-
durewhich overcomeghelimited testabledesignspaceaxplorationencounteredvith fixedtest
resourcesDespiteits goodperformancethe algorithmin [19] is not capableof dealingin low
computationatime with complex designssuchas 32-pointdiscretecosinetransform(DCT),
sincea branchandbound-basedlgorithmis employedto explorethetestabledesignspace A
recentapproachwhich exploresthe testabledesignspaceduring high level synthesidhasbeen
proposedn [23]. However, sametestlengthis consideredor all datapathmoduleswhichleads

to unnecessarlpng testapplicationtime.

1.2 Motivation and objectives

Up to this point, the describedstructural-base®IST hardware synthesisalgorithmshave as-
sumedheBIST embeddingnethodologywhereevery moduleportis embeddedetweeratest
patterngeneratoiand a signatureanalysisregister This methodologyis inefficient dueto the
following four problems:

a. to achieve low testapplicationtime high numberof testregistersis requiredwhich leads
to large BIST areaoverheadandperformancealegradation.

b. sinceevery modulebelongsto a differentBIST embeddingthe aliasingcan occur for
everymoduletestedseparatelyeadingto increasen faultescapgrobabilityfor theentire
datapath.

c. theincreasechumberof signatureanalysisregistersyields large volume of outputdata
andincreaseshe overall testapplicationtime dueto the time requiredto shift out of test

responses.

d. the hugesize of the testabledesignspacewheretest synthesisand testschedulingare
strictly interrelatedeadsto long computationatime for efficient testabledesignspace
exploration.

To overcomethe large numberof testregistersin the BIST embeddingmethodology(prob-
lem a), a methodologybasedon chainingmodulesinto test pathswas describedn [24,25].
Randomnesandtranspareng of datapath modules[26] are usedto guide the simultaneous
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test path generationand test scheduling. Despitereducingthe performancedegradation,the
greatnumberof testpatternsfor eachtestpath, which areno longertruly pseudorandomin-
creasedhetestapplicationtime. Thetestpathgeneratioralgorithmlackedthe global view of
the designspaceandthe suboptimalsolution dependwn the orderin which the modulesare
processed Furthermorethe pipelinedtestschedulingfor multiple clock cyclestestpathsin-
creaseshecompleity of the BIST controllerasthedesigncompleity is enlaged. Concurrent
checlers[27,28] have beenusedfor reducingfault escapgrobability (problemb) during off-
line self-test. While large BIST areaoverheadsolutionsbasedon duplicatecircuitry realized
in complementaryorm aredescribedn [27], theresultspresentedn [28] shav thatextra test
hardware requiredto achieve low fault-escapgorobability, if designedasa combinationof a
concurrenthecler andsignatureanalysigegisters,is morecost-efective thanthedesignusing
only signatureanalysisregisters. Recentlya differentapproachwhich combinesmutual and
signaturetestingschemeg29] hasbeenproposedor reducingfault escapeprobability. This
approaclhusestestregistersthatcombineequalitycomparator&ndsignatureanalysisregisters
leadingalsoto reductionin the volume of outputdata(problemc). However, dueto large
numberof testregisterswhenmaximumtestconcurreng is targetedthe problemof BIST area
overheadandperformancealegradationarenot solved. The previous approachef24—-29] pro-
posedseparatesolutionsfor solving only one of the problems(a) - (c) at the expenseof the
otherproblemsof the BIST embeddingnethodology Furthermorethe interrelationbetween
testsynthesisandtestschedulingvhich leadsto hugesizeof thetestabladesignspacgproblem
d) wasnot solved efficiently by the previously describedapproache§l7—22] which trade-of
the quality of thefinal solutionandcomputationatime.

The aim of this paperis to introducea newv BIST methodologyfor RTL datapathsusing
a new conceptcalledtestcompatibility classesvhich reducedestapplicationtime with com-
parableor evenlower BIST areaoverheadvhencomparedo thetraditionalBIST embedding
methodology The propose®BIST methodologywhich targetsdataflow intensve application
domains,like digital signal processingcommunicationsand graphics,overcomeshe perfor
mancedegradationfault-escap@robabilityandvolumeof outputdataassociatewvith theBIST
embeddingnethodology Furthermoreefficient heuristicsfor testabledesignspaceexploration
producehigh quality of the final solutionin low computationatime. The paperis organized
asfollows. Section2 introduceshe TCC groupingmethodology BIST hardwaresynthesidor
TCC groupingis givenin section3. Experimentalresultsof benchmarkand complex hypo-
theticaldatapathsarepresentedn section4. Finally, concludingremarksaregivenin section
5.



2 NewBIST methodologyfor RTL data paths

This sectionmotivatesthe key ideaspresentedn this paperthroughexamplesand givesfor-
mal conceptsand definitionsof the proposedBIST methodology First the shortcomingsof
thetraditionalBIST embeddingnethodologyareidentifiedandbenefitsof the proposeBIST
methodologyareoutlinedusinga detailedexample.Thentheformal definitionof testcompati-
bility classess given.

2.1 An illustrati ve example

Traditional BIST embeddingmethodologyembedsevery module port betweena test pattern
generatorand a signatureanalysisregister This may leadto conflicts betweendifferenttest
resourcesvhen maximumtest concurreng is targeted. Furthermorethe numberof testre-
sourcedor low testapplicationis extremelyhigh leadingto bothhigh BIST areaoverheadand
performancealegradation. The proposedBIST methodologytakes advantageof the structural
informationof RTL datapathandreducegshetestapplicationtime by groupingsame-typeanod-
ulesinto testcompatibility classegTCCs). Two modulesareof the sametypeif they aretwo
differentinstance®f thesamemodulelibrary prototypeandhencehey have theidenticalphys-
ical andstructuralinformation.Dueto theidenticalphysicalandstructuralinformationthefault
setsof two same-typenoduleshave the samedetectionprobability profile [30]. Thus,thesame
testpatterngeneratorsanbe usedsimultaneouslyno needto schedulghetestsat differenttest
times)for two or moresame-typanoduleswithout decreasinghe fault coverage.On the other
handfault setsof different-typemoduleshave differentdetectionprobability profilesandhence
differenttest patterngeneratorsaand differenttest applicationtimes are neededo satisfythe
requiredfault coverage.It shouldbe notedthat useof hardmacroimplementation®f library
moduleswhich have identicalphysicalandstructuralinformationcansignificantlyimprove the
final design[31]. Furthermoradesignmethodologiesvhich useregularelementsandidentify
similarity needto beincorporatedn stateof theart CAD tools[31,32]. Thereforethe proposed
BIST methodologys tamgetingdesignflows thatusefew pre-designeanoduletypeswith iden-
tical physicaland structuralinformationand exploits the regularity of the datapathto reduce
testapplicationtime andBIST areaoverheadasexplainedin the following example.

Example 1 To give insightof the proposedBIST methodologyconsiderthe simpledatapath
shavn in Figure1(a). The datapathhas3 modulesof module-typeAype and9 registers.Each
moduleis annotatedwith its name(A;-Az). In orderto testall the modulesin a single test
sessionall theregistersaremodifiedinto linearfeedbackshift registers(LFSRs)andmultiple-
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input signatureegisters(MISRs). EachtestpatterngeneratofLF SR;-LF SRg) appliestestpat-
ternsto eachinput port of every moduleandeachsignatureanalysisregister (Ml SR7-MI SRg)
evaluateghe outputresponsesf every module.The pathsfrom testpatterngeneratorso mod-
ule input portsthroughmultiplexersaredenotedy dottedlines. In orderto testall themodules
simultaneoush6 LFSRsand3 MISRsarerequired.Note the numberof 2-to-1 multiplexersin
the datapathis 4 andhencethereare2* pathsto applytestpatterngo moduleinput ports. Any
otherconfigurationof testregisterswhich implies sharingof a testresourcen orderto reduce
BIST areaoverheadwill leadto anincreasedumberof testsessionsindhencetestapplication
time. However, if Aryype modulesareinstancesf the samemodulelibrary prototype thenthey
have identicalphysicalandstructuralinformationandhencadenticaldetectiorprobability pro-
file. Thusif testpatternsaareappliedto modulesA; — Az simultaneoushgamefault coverages
achievedwhencomparedo applyingtestpatterngn differenttestsessionsNotethatLF SR; is
theonly testregisterwhich appliestestpatterngo left input port of moduleA; andis connected
to left input portsof A, andAg. If multiplexersatleft input portsof Ao andAs selectLFSR; as
shown in Figure 1(b), thetestregistersLF SR3 andLF SRs (Figurel(a)) areunnecessaryTlhis
clearlyleadsto savzings bothin BIST areaoverheadand performancealegradation sinceregis-
tersRs andRs (Figurel(b)) arenotmodifiedto performtestfunctions.Similarly if multiplexers
atrightinputportsof A; andA; selectF SR (Figurel(b)),thetestregistersLF SRy andLF SRs
areunnecessaryWhensametestpatternsare generatedy LF SR; andLF SRg at input ports
of A1, Az, and Az sameoutputresponsesire expectedat the sametime. Hencea comparator
CA is usedto checkthe outputresponsesOnly a single signatureanalysisregister MI SRy is
allocatedto compresghe outputresponsesf all the modulesAs,A>, and Az which aretested
simultaneously The signatureanalysisregisterM| SR; is necessaryo detectfaultsin the case
whenoutputresponsesf all thethreemodulesAs,Az, and Az areequalduring the entiretest
applicationperiodbut differentfrom the fault-freeoutputresponseThe useof comparatorso
checkthe outputresponsesf all the same-typanodulestestedconcurrentlysolvesthreeprob-
lems. Firstly it reducesothBIST areaoverhead 1l MISR and1 comparatowrs. 3 MISRs)and
performancalegradation(1 MISR vs. 3 MISRsembeddedn datapath). Secondlyit reduces
fault-escapgprobability sincefaulty outputresponsesvhich mapinto fault-freesignaturesn
the BIST embeddingnethodologywill be detectedby the comparatorsAnd thirdly, the num-
berof signaturess reducedvhich hasthefollowing two implications.On onehandthevolume
of outputdatais reducedwhich leadsto lessstoragerequiredfor testdata. On the otherhand
the overall testapplicationtime is reduceddueto lessclock cyclesneededo shift out the test
responsesFor example,giventhe datapathwidth has8 bits width, the time requiredto shift



out the outputresponsestoredin MISR7, M1 SRg, andMI SRg (Figure 1(a))is 24 clock cycles
whencomparedo only 8 clock cyclesrequiredto shift outthe outputresponsetoredin M1 SR;
(Figurel1(b)).

Solutionsusingcomparatorsiescribedn [27] to enhancdault escapgrobabilityarebased
onduplicatecircuitry realizedn complementaryorm leadingto hugeBIST areaoverhead.The
proposedBIST methodologys fundamentallydifferentwhereno duplicatecircuitry is required
andcomparatorsirecheckingtheresponsesf same-typenoduleswvhich areinstance®f same
moduleprototype.This makestheproposedIST methodologysuitablefor complex datapaths
with high numberof same-typenodulesgenerateciutomaticallyby modernCAD tools. The
goal of the proposedBIST methodologyis to testall the modulesof the datapathwhich are
randompatternresistanandpresentestabilityproblems A partof thesteeringogic andinter-
connectionsaretestedfor free while testingthe modules.It is known thata setof four vectors
is sufficient to testa 2-to-1 multiplexer of ary bit width. Similarly the functionalregistersare
C-testableandnonrandompatternresistanstructuresThecomparatoraretheonly extraDFT
hardwareaddedfor BIST purposes Approximately2xnxk testpatternsarerequiredto testa
n-inputk-bit comparatarAny portionof thedatapathnottestedoy theproposedIST method-
ology is testedusing a small global set of functional patterns. Sincecomparatorsheckthe
responsesf same-typenoduleswhich areinherentlydifferentcones-of-logicdhe small global
testof functionalpatternscanbegenerate@asilyusingthejustification/propagatiotechniques
[8,9]. Thesmallglobalsetof functionalpatternds appliedin a preliminaryphaseandhasno
impacton the overall testapplicationtime.

2.2 Definition of TestCompatibility Classes

An RTL datapathconsistof nye registers,nmqq two-inputmodulesof nres module-typesand
multiplexers.Beforetestcompatibility classconcepis introducedit is necessaryo presenthe
following preliminarydefinitions.

Definition 1 A testregisterRy performsthe testpatterngeneratiorfunction (TPGF)for input
portk (1P) of moduleMy if testpatternsfor 1P of M, areprovided by Ry. Let IRSMa, | F)
denotethe setof registersthatareconnectedo | P, of Ma throughonly multiplexers. Oneand
only onetestregisterfrom IR M, | F) is performingTPGFfor | B, of M,.

Thetestregistersusedto performTPGFare: LFSRs,built-in logic block obserers(BILBOS)
andconcurrenBILBOs (CBILBOSs). If for eachinput port!| (IR) of every datapathmodule,
| = 1...2xNmeg, thereis an m-to-1 multiplexer thenthe total numberof pathsto drive test
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2XNmod

patternsto datapath modulesis I_l m. The testabledatapathswherebothinput ports of
I=

a modulereceve sametest patternsare not valid in the proposedBIST methodologydue to
the correlationbetweenidentical test patternsat both input portswhich leadsto a substantial

decreas@n fault coverage.

Definition 2 Two same-typanodules M, andMy, areincompatiblej.e. they cannotbetested
simultaneouslyif thereis a testregister Ry that performsTPGFfor input port 1 (1P;) of Mg
andinput port 2 (IP,) of My, or if thereis atestregisterR, thatperformsTPGFfor IP, of My
and| Py of My. Two different-typemodulesareincompatibleif thereis a testregisterR;, that
performsTPGFfor ary inputportof My andary input portof My. Two modulesarecompatible

if they arenotincompatible.

Having describedestmoduleincompatibility, now the formal definition of testcompatibility

classess given.

Definition 3 A testcompatibility classTCG; j (i is calledthe classindex, while j is calledthe

module-typandex) is asetof modulesthatsatisfieghefollowing threeproperties:
i. all themodulesfrom TCC; j arecompatibleandbelongto the samemodule-typej

ii. two testcompatibility classes,TCCp j and TCC, |, areincompatibleif for at leastone
moduleM, from TCC,, j thereexists at leastone moduleMy, from TCCy suchthatM,

andMy, areincompatible.

li. modulesfrom TCC; j aretestedsimultaneouslyoy sametestpatternsandthe outputre-
sponsesrechecled by ann-inputk-bit comparatarwheren is the cardinalityof TCG;
andk is the bit-width of the datapath. A single signatureanalysisregister compresses
the outputresponseof a single modulefrom TCGC; ; to verify that the outputresponse

sequencés correct.

Thefirst propertyof TCCs(Definition 3-(i)) guaranteethatall themodulesromaTCCcan
sharetestpatterngeneratorseadingto lessBIST areaoverheadandperformancelegradation,
without ary penaltyin testefficiengy or testapplicationtime. The secondpropertyof TCCs
(Definition 3-(ii)) indicatesthat high numberof incompatiblemodulesshouldbe melgedin a
smallnumberof incompatibleT CCsleadingto maximumtestconcurreng andhencereduction
in testapplicationtime. The useof comparatorsiescribedn the third propertyof TCCs(Def-
inition 3-(iii)) decreasefault escapgrobability Furthermorethe reductionin the numberof
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signatureanalysisregistersleadsto smallervolumeof outputdataandoverall testapplication
time (thesumof testapplicationtime andshifting time requiredto shift outtestresponses).et
ORSMy) denotethesetof registersthatareconnectedo the outputof moduleM throughmul-
tiplexersonly. The outputregistersetof TCC; j, ORS{TCC,; j), is the union of outputregister
setsof all themodulesfrom TCC; j. The signatureanalysisregisterfor TCC; j is choserfrom
ORS(TCCi j). Thetestregistersusedfor signatureanalysisare MISRs, BILBOs and CBIL-
BOs. The numberof highly expensve CBILBOs requiredfor testingthe self-loopsin the data
pathis reducedwhenusingthe proposednethodologydueto the greatemumberof potential
signatureanalysisregistersfor eachTCC. While thetraditionalBIST embeddingnethodology

Nres

hasnmog Signaturesthe proposeBIST methodologyhasonly Z Nclasseé ) Signatureswhere
=1

j
Nclasseé ] ) iS the numberof classedor module-typej. Whennmeg = Nres every moduleis an

instanceof a differentmodulelibrary prototypeandaccordingto Definitions1-3 the proposed
TCC grouping methodologyis identical with the traditional BIST embeddingmethodology
for RTL datapaths.Hence,the BIST embeddingnethodologyis a particularcaseof the TCC
groupingmethodologywheneachTCC consistf a singlemodule.

The proposedTCC grouping methodologyis not limited to only uniform bit width data
paths.Same-typenoduleswhich belongto a TCC have the samebit width. However different
moduletypescanhave differentbit width which doesnotimply any changan themethodology
Definitions 1-3 hold for variable bit width datapaths. In the variablebit width caseTCCs
of different bit width are testedusing different bit-width for test registersand n-input k-bit
comparators Moreover, the proposednethodologycanhandleboth several moduleschained
togetherwithout ary registersbetweenthem and particularcaseswhen logic/RTL synthesis
tools transformdifferentinstanceof the samemoduletype into differentimplementationdy
consideringhemasnewv module-typesvith new detectionprobability profile.

Example 2 To illustrate Definitions 1-3 considerthe data path example of Figure 2, where
LF SRy, LFSRy, LF SR andLF SRy testfour modulesof Ayype, andLF SRs, LF SR andLF SR,
testthreemodulesof Byype. LF SRy generatesestpatternsfor input port 1 (IPy) of A; andA;
andfor inputport2 (1P,) of As. LF SRy generatesestpatterndor thel P, of A; andA; andfor
| P, of A4. LFSR3 generatesestpatterndor | P, of Az whilst LF SR, providestestpatterndor
IP, of A4. ModulesA; andA; belongto TCCq (classindex is 0 and Aype index is 0). Due
to incompatibilitiesbetweenA; and Az andbetweenA; and A4, modulesAz and A4 belongto
TCCyp (classindex is 1). Similarly, modulesB;, B, andB3 areall compatibleandbelongto
TCCo,1 (classindex is 0 andBype index is 1). Giventhe bit-width of the datapathas8 bits the



outputresponsesf modulesfrom TCCq o arecomparedoy a 2-input 8-bit comparato(CAy).
Similarly, the outputresponsesf modulesfrom TCC, o arecomparedy another2-input8-bit
comparato(CAy). Ontheotherhand,outputresponsesf modulesirom TCCq 1 arecompared
by a 3-input 8-bit comparator(CB;). If ary error occursduring testing,the Pasg/Fail signal
will beactivatedandthetestingprocesswill stop. TheoutputregistersetORS@;) is {R;}, the
ORSQ,) is {Rs}, theORSAz) is {R7, Ry} andthe ORSAy) is {Ry0}. Hencethe ORS({TCCo o)
is {R7,Rg} andthe ORS{TCCy o) is {R7, Ro,Rio}. Similarly, the ORS{ITCCq 1) is {R11, Ri2}.
Any of thesetwo registersRy; and Ry» can be configuredas signatureanalysisregister for
TCCo,1. Theprocedurehatchooseshe bestsignatureanalysisregisteris presentedn section
3.3. For datapathexamplein Figure2 the chosersignatureanalysisregisterfor TCCq 1 is Ry
whilst both TCCq o andTCCy ¢ useRy; assignatureanalysisregisterat differenttesttimes.

3 NewBIST hardware synthesisalgorithm for TCC group-
ing

Having describedhe TCC groupingmethodologynow a BIST hardware synthesisalgorithm
is considered As outlinedin section2, the BIST embeddingnethodologyis a particularcase
of the TCC groupingmethodologywhereeachTCC consistsof a single module. Therefore,
testabledesignspacefor the TCC groupingmethodologyis much larger and more complex

thantestabledesignspacdor theBIST embeddingnethodology Thepreviousapproachefl7—

22] which trade-of the quality of the final solutionandthe computationatime areunsuitable
for the sizeand compleity of the TCC groupingmethodology This sectionpresentsa new

and efficient testabledesignspaceexploration which combinesthe accurag of incremental
testschedulingalgorithms[19] with the explorationspeedof testschedulingalgorithmsbased
on fixed testresourceallocation[20-22]. Section3.1 outlinesthe generalframewvork of taku

search-basetkstabledesignspaceexploration. Section3.2 presentshe generationof new

solutionsand speedup techniquedor local neighborhoodsearch. Finally in section3.3 an

incrementall CC schedulingalgorithmfor eachsolutionis proposed.

3.1 Tabu search-basedtestabledesignspaceexploration

Talu searcH33] wasproposedisa generakcombinatorialoptimizationtechnique.Talu search
falls underthe larger category of move-basedeuristicswhich iteratively constructnen candi-
datesolutionsbasedon the neighborhoodhatis definedover the setof feasiblesolutionsand
the history of optimization. The neighborhoods implicitly definedby a move that specifies
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how onesolutionis transformednto anothersolutionin a singlestep. The philosophyof taku
searchis to derive and exploit a collectionof principlesof intelligent problemsolving. Taku
searchcontrolsuphill movesandstimulatescorvergencetoward global optimaby maintaining
atahu list of its r mostrecentmoves,wherer is calledtalu tenureandit is a prescribeccon-
stant.Occasionallyit is usefulto overridethetalu statusof amove whenthe move is aspirated
(i.e.,improvesthesearchanddoesnot producecycling nearalocal minima). Talu searchased
heuristicsare simple to describeand implement. Furthermore,a well definedcostfunction
andthe useof topologicalinformationof the designspacewill leadto anintelligentsearchof
high quality solutionsin very low computationatime. Beforethe proposedalu search-based
testabledesignspaceexplorationis describedit is necessaryo presenthefollowing definition.

Definition 4 A solutionin the testabledesignspaceis a partially testabledatapath PT-DP
wheretestpatterngeneratorareallocatedor eachdatapathmodule.A fully testabledatapath
FT-DP is generatedy allocatingsignatureanalysisregistersfor eachtestcompatibility class
of the partially testabledatapath.

The proposedalu search-basetestabledesignspaceexplorationis summarizedn Figure 3.
The algorithm startswith aninitial solutionwhich is a partially testabledatapath PT-DPjt
obtainedby randomlyassigninga singletestpatterngeneratoto eachinput port of every mod-
ule from the datapathasshown from lines 1 to 4. During the optimizationprocesglines5 to
21) for eachcurrentsolution PT-DPcyrrert, @ Numberof nreg Neighborsolutionsare generated
asdescribedn section3.2. Testapplicationtime Ty andBIST areaoverheadA, arecomputed
afterafully testabledatapathFT-DPy andatestschedules, aregeneratedisingthealgorithms
from section3.3,asshavn from lines 8 to 12. The optimizationprocesss guidedtowardsthe
objective of minimaltestapplicationtime designby a costfunctionwhichis definedasfollows.

Definition 5 The costfunctionis a 2-tupleCy = (Tx, Ax), whereT is thetestapplicationtime,
Ay is the BIST areaoverheadandthefollowing relationsaredefined:

i. G =Crif (T = Tye) and(Axx = A)
ii. Cxl < sz if (Txl < sz) or (Txl S sz andAX1 < sz)

iii. Ci1 > Cp2 if (TX]_ > sz) or (Txl =T andAxl > sz)

The main objectie of the costfunctionis testapplicationtime with BIST areaoverheadused
astie-breakingmechanismamongmary possiblesolutionswith sametestapplicationtime. It
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shouldbe notedthat the minimization of otherparameter®utlinedin section2, performance
degradationyolumeof outputdata,overalltestapplicationtime andfault escapgrobability, is
a by-productof the proposeptimzationusingthe previously definedcostfunction. Basedon
the value of the costfunctionandon the talku statusof a move, a new solutionis acceptecr
rejectedasdescribedrom lines14to 19in Figure3. Thetaku list containgegistersinvolvedin
amove asdescribedn section3.2. A moveis classifiedastatu if aregisterinvolvedin themove
is presenin thetahu list. Thetahu tenure(lengthof thetahu list) variesfrom 5 (smalldesigns)
to 10 (complex designs).A moveis aspiratedasshawvn in line 14 if it hasproduceda solution
which is betterthanthe bestsolutionreachedso far. The testabledesignspaceexploration
continuesuntil the numberof iterationssincethe previous bestsolutionexceedsa predefined
Niter-

3.2 Generation of new solutionsand speedup techniquesfor local neigh-
borhood search

The neighborhoodf the currentsolutionin the testabledesignspacePT-DP¢yrrern is defined
with nr¢ feasibleneighborsolutions.For eachdatapathregisterthereis a singleneighborso-
lution. Eachof the nygy solutionsis providedby anindependensubroutinedesignedo identify
betterconfigurationof testregistersbasedon two newv metrics. Dueto the hugesizeandcom-
plexity of thetestabledesignspace speedup techniquedor efficient explorationarerequired.
Beforedefiningthe neighborsolutionfor eachregistertwo new metricsanda theoremusedfor
reducingthetestabledesignspacearepresented.

Definition 6 The currentspatialsharingdegreeCssp (R, J, | k) of register Ry for input port
k (IR of module-typej is the numberof modulesof j for which Ry performstest pattern
generatiorfunction (TPGF)for | P in the currentpartially testabledatapath.

Definition 7 ThemaximumspatialsharingdegreeMssp (Ry, j, | Px) of registerRy for inputport
k (1P) of module-typej is thenumberof modulesof j for which R, canperformTPGFfor | F.

Thevalueof Mspy (R, J, I FX) is the cardinality of the setof modulesof module-typej whose
| P is connectedo Ry throughonly multiplexers.

Thefollowing theorempresentsa very importanttheoreticakesultwhich hastwo implications
on speedingip local neighborhoodearch See[34] for the proof.

Theorem1 Considettwo currentsolutions PT-DPL, et aNdPT-DPZ, e, With differentCsgp (
Ry, j,1P) for givenRy, j andIP. In PT-DPY, . the currentspatialsharingdegreeis 0 <
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Cs (R, , 1P) < Mssp(Ry, j, 1P), whilstin PT-DPZ,. the currentspatialsharingdegreeis
Cs(Ry, j,1P) = Mssp (Ry, j, 1Pk). ThenPT-DPZ,ox hasat mostthe numberof TCCsasPT-
DP(]:-urrert'

The first implication of the theoreticalresultof Theoreml reducesthe total testabledesign
spaceto the representativeestabledesignspace. The total testabledesignspaceconsistsof
partially testabledatapathswith all the possiblevaluesO0<Cssp(Ry, j, | Pk) <Mssp (Rx, j, I k)
suchthatall the modulesareassignedneandonly onetestpatterngeneratar The represen-
tative testabledesignspaceconsistsof partially testabledatapathsfor which Cssp (Ry, j, 1Pk)
is considerednly Mssp(Ry, j, 1 Pk) suchthatall the modulesare assignedne and only one
test patterngeneratar Considerthe simple datapathof Figure 1. In the first casewhenthe
currentspatialsharingdegreefor Ry is Cssp (Ry, Atype, | P1) = 1 two moretestregistersLF SRs
andLF SRs arenecessaryo generatdestpatternsfor 1P, of modulesA; and Az asshown in
Figure1(a). On the otherhandwhenCssp (R1, Atype, | P1) = Mssp (R, Atype, | P1) = 3 only one
testpatterngeneratoiis necessaryo generatdestpatternsfor | P, of all the threemodulesas
shown in Figure1(b). The casewhenCssp (R1, Atype, | P1) = 1 hasgreaterBIST areaoverhead
andperformancaleggradationdueto LF SRz andLF SRs. Furthermordf the simpledatapath
of Figurel is asmallpartof amorecomplex datapath,whereLF SR; andLF SRs arealready
allocatedo performTPGFfor differentmodule-typesassignind_F SRz andLF SRs to perform
TPGFfor I P, of Ay and Az respectiely, will introduceconflictsbetweentestresourcedead-
ing to incompatiblemodulesandhenceincreasan testapplicationtime. Theoreml justifies
the reductionof the total testabledesignspacewhereall the Cssp (R1, Atype, | P1) = {0,1,2,3}
areexaminedin the searchof feasiblepartially testabledatapathsto the representatie testable
designspacevhereonly Cssp (R, Atype, | P1) = 3 is considered.

The secondimplication of the theoreticalresultof Theoreml is concernedwith efficient
generatiorof movesin the representatie testabledesignspace. Generatiorof a move in the
testabledesignspaceor registerRy consistf two phases:

i. Thefirstphasecomputes/Ax(j,P) =Mssp(Ry, j, 1 Pk) —Cssp(Ry, j, 1 Pk); Axisametric
thatmeasureshe differencebetweenthe potentialandactualuseof Ry asa testpattern
generatofor | B of | modules.Notethereare2x nesvaluesof Ay for eachregisterRy.

ii. In the secondphasethe move for Ry thathasthe maximumvalue of Amayxis chosen.If
therearetwo or more j, and/orl B, for which Ay(jm, | P,) = Amaxthemovefor j, and
| B with the maximumvalueof Msgpy (Rx, jm, | ) is chosen.
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Let jmaxbetheindex of module-typeandknax betheindex of inputportfor which Amaxis max-
imum. Let {My,...,Mn} bethe setof modulesof module-typejmax Whosel R, is connected
to Ry throughonly multiplexers.Beforethe move, R performsTPGFfor {My,...,M;}, whilst
{Ry1; Ry, -- -, Ry} performTPGFfor {Mg,1,...,Mn}. After the move, Ry performsTPGFfor
{Mg,...,Mn}, whilst Cssp (Ry;, jmax | Pkya,) @redecreasedyith i = 1...m. The previously de-
scribedtwo phasesarerepeatedor eachdatapathregisterandhencea neighborhoof nye
feasiblesolutionsis generatedincreasinghe currentspatialsharingdegreeof the selectedest
registersleadsto a smallernumberof testpatterngeneratorsandhencereductionsn BIST area
overheadandperformancelegradation.Furthermorethe numberof incompatibilitiesbetween
TCCsis decreasewhichleadsto lowertestapplicationtime. Moreoverthemostimportantfea-
ture of thelocal neighborhoodearchs the speedup techniquéor efficient explorationcaused
by reductionin the sizeof thetestabledesignspaceto be explored.

3.3 Incremental TCC schedulingalgorithm

Sofarthetestabledesignspaceo be exploredwasreducedwith respecto the numberof test
registersrequiredfor testpatterngeneratiorusingthe speedup techniquedor local neighbor
hoodsearch.Thealgorithmsoutlinedin this sectionfurthershrinkthesizeof thetestabledesign
spaceby consideringsimultaneou§ CC schedulingandsignatureanalysisregistersallocation
for eachpartially testabledatapathgeneratedby local neighborhoodearch Firstly theassign-
mentof every datapathmoduleto testcompatibility classedo maximizetestconcurrenyg is
summarized Secondlythe algorithmfor simultaneoud CC schedulingandsignatureanalysis
registersallocationis described.

To achiave maximumtestconcurreng it is requiredthat a large numberof different-type
testcompatibility classesare compatible. Following the secondpropertyof TCCs(Definition
3-(ii)) ahigh numberof incompatiblemodulesaresoughtto bemegedin asmallnumberof in-
compatibleTCCs. Thiswill reducethenumberof edgesn theglobaltestincompatibilitygraph
which is definedasfollows. A globaltestincompatibility graph(G-TIG) is a graphwherea
nodeappearsor every TCC andan edgeexistsbetweemodesif testcompatibility classesre
incompatible. All the edgesfrom G-TIG belongto the edgesetE. The generatiornof G-TIG
is carriedout in threesteps. The first stepassignancompatiblesame-typanodulesinto test
compatibility classesandgeneratesheinitial G-TIG. Datapathmodulesthatareincompatible
with different-typemodulesareconsideredn the secondstep Unassignediatapathmodules
are assignedo the alreadyexisting TCCs suchthat the numberof incompatibilitiesbetween
different-typeT CCsis decreasetkadingto maximumtestconcurreng. In thethird stepunas-
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signedmoduleswhich arecompatiblewith all TCCsareaddedto TCCssuchthatanincrease
in the outputregisterset(ORS of eachTCC s achieved. This reduceghe numberof conflicts
betweersignatureanalysisregistersthat areallocatedduring the testschedulingorocesdead-
ing to lower testapplicationtime. The proposedalgorithmfor generatiorof G-TIG guarantees
by constructiorthatevery moduleis assignedo a TCC andthe numberof nodesandedgesn
G-TIG is minimum. This implies maximumtestconcurreng of the partially testabledatapath
whichis agoodstartingpoint for theincrementatestschedulingalgorithm.

Testschedulingis performedusing the global testincompatibility graphdescribedprevi-
ously Fault setsof different-typemoduleshave differentdetectionprobability profilesasout-
lined in section2.2. Hence, TCCsof differentmodule-typeseeddifferenttest application
timesto satisfy the requiredfault coverage. Thus, the TCC schedulingalgorithm dealswith
unequalestlengths. Thetestschedulingalgorithmfor partitionedtestingwith run to comple-
tion from [20] needsto be modifiedsuchthattestschedulingand signatureanalysisregisters
allocationis donesimultaneously Unlike the algorithm 2M from [20] which schedulegests
for afixedtestresourceallocationandthusleadingto inefficient designspaceexploration,the
proposedalgorithmsimultaneouslyschedulesd CCsandallocatessignatureanalysisregisters.
This leadsto bothmoreefficient testabledesignspaceexplorationandhighertestconcurreng
sinceconflictsbetweensignatureanalysisregistersare avoided. In orderto clarify the neces-
sary modificationstwo more notationsare introduced:U is the setof usedtestregistersthat
have compressedutputresponsesat a previoustesttime andB is the setof busytestregisters
thatare compressingutputresponsesit the currenttesttime. The following threenecessary
modificationsarecarriedout to algorithm2M from [20] in orderto performsimultaneou§ CC

schedulingandsignatureanalysisregisterallocation.

i. if all the registersin ORSTCC; j) are busy at the currenttesttime thentest TCG; j is
removedfrom the candidatenodesetbeingpostponedor a latertesttime; otherwisefor
every availableregisterR, in ORSTCC, j), it is checled whetherR, belongsto the used
testregistersetandthe R¢ with the maximumfaninis chosenthis choicewill allow Ry
to bereusedatalatertesttime.

ii. whenthe shortestcurrentlyactive testTCG; j is completedthe testregister R, that has
senedassignatureanalysisregisteris removedfrom the busyregistersetB andaddedo
theusedregistersetU.

iii. afterthe completionof testschedulingall the registersfrom the usedregistersetU are
modifiedto signatureanalysigegistersithealgorithmreturnsatestschedules andafully
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testabledatapathFT-DP which areusedto computetestapplicationtime andBIST area
overheadn thetalu searchestabledesignspacesxploration(Figure3).

The first modificationsolvesthe conflicts betweensignatureanalysisregistersduring the test
schedulingporocesseducingboth the size of the testabledesignspaceto be exploredandtest
applicationtime. Thusthe efficiengy of testabledesignspaceexplorationis improved by com-
biningtheaccurag of incrementatestschedulingalgorithmswith the explorationspeedf test
schedulingalgorithmsbasedon fixed testresourceallocation. The secondandthird modifica-
tions reducethe numberof signatureanalysisregistersby reusingthemat differenttesttimes
leadingto furtherreductionsn BIST areaoverheadperformancealegradationandoverall test
applicationtime.

4 Experimental results

The BIST hardware synthesigor the TCC groupingmethodologyhasbeenimplementedon
SUN SFARC 20 workstationusing6000lines of C++ code. To give insightinto the efficiency
of testabilityachieved usingthe presentedapproachrlable 1 shovs a comparisorof BIST re-
sourcesandtestapplicationtime (TAT) usingthe BIST embeddingnethodologyandthe TCC
groupingmethodology The resultsfor the BIST embeddingnethodologywere obtainedus-
ing the sameBIST hardware synthesisalgorithmassuminghat every pair of modulesin the
datapatharedifferent(nres = Nmog) @sdescribedn section2.2. The comparisoris carriedout
for anumberof benchmarlexamplesincludingelliptic wave digital filter (EWF) and8 and32
point discretecosinetransform(DCT). The benchmarksvere synthesizedisingthe ARGEN
high-level synthesisystem[35, 36] for differentexecutiontime constraintgangingfrom 10to
40. For example,in the caseof EWF-17we have 6 modules(MOD), 3 multipliers (*) and3
adderq+), and12 registers(REG). Thetestapplicationtime lengthsof addersandmultipliers
areassumedo be T, =T, andrespectiely T, = 4x T, whereT is a reasonablyarge integer
andcanbe estimatedor the requiredfault coverageusingthe techniquedrom [37]. It should
benotedthatthe propose®IST hardwaresynthesisalgorithmfor RTL datapathsprovidesthe
flexibility of specifyingthe testapplicationtime for the expectedfault coverageof 100%for
eachdatapathmodule. In the experimentalresultsreportedin this sectionit wasconsidered
T = 64, andhenceT, = 64 and T, = 256, for achieving 100% fault coveragefor each8 bit
datapath modulewhich is comparablewith the testlength valuesreportedin [19]. To vali-
datethe assumptiorregardingtestlength,adderandmultiplier moduleshave beensynthesized
andtechnologymappednto AMS 0.35microntechnology{38]. Subsequentlyarallelpattern
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singlefault propagatiorfault simulator[39] hasshavn that T = 64 is valid for 8 bit datapath
modules.In generakhe TCC groupingmethodologyproducedesstestregistersthanthe BIST
embeddingnethodology For example,in the caseof EWF-20the numberof LFSRsis reduced
from 6 to 4, andthe numberof MISRs is reducedfrom 4 to 2. Thereis further reductionas
the designcompleity increasesFor example,in the caseof 32DCF33 the numberof LFSRs
is reducedrom 30to 14, andthe numberof MISRsis reducedrom 19to 2. Thereductionin
testregistersin caseof TCC groupingis achievedat the expenseof comparatorsln the caseof
32DCF33thereareone5 input comparatofC5), one6 input comparato{C6) andone8 input
comparatoC8). However, the TCC groupingmethodologyequiresreducedBIST areaover-
headwhencomparedvith the BIST embeddingnethodologyasshavn in Table2 for datapath
width varying from 4-bit up to 16-bit. Note thatthe proposedBIST methodologyis capable
of dealingwith variablebit width datapathsasoutlinedin section2.2. BIST areaoverheads
computedusingthe equivalentnumberof 2 input gatesrequiredto modify functionalregisters
into LFSRs,MISRs andBILBOs, if applicable,andfor implementingthe comparators.For
benchmarlcircuit 32DCF33thereductionsn BIST areaoverheadn termsof equivalentgates
areof 45.63%in the caseof 4-bit datapath,43.72%in the caseof 8-bit datapathand42.65%in
the caseof 16-bitdatapath.But therearecasesuchasEWF-17and8DCT-13 wherethe BIST
embeddingnethodologyproducesetterBIST areaoverheadsThis hasbeenachiezedwithout
reachingthe minimal TAT. For examplecircuits EWF-17and 8DCT-13 reductionsof 20%in
TAT areachievedby the TCC groupingmethodology Thisresultis dervedusingthe TAT from
Tablel, wherethe minimumreachedlAT for the TCC groupingmethodologyis 5x T, andfor
the BIST embeddingnethodologyis 4xT.

Sofarthereductionsn TAT andBIST areaoverheadachiezedby the TCC groupingmethod-
ology whencomparedo the BIST embeddingnethodologywereoutlined. Table2 alsoshowvs
thereductionan numberof testregisters(TR), volumeof outputdata(VOD), andoverall test
applicationtime (overall-TAT). Thereductionin TR representshe reductionin the numberof
datapathregistersmodifiedin testregistersandit may have directimpacton the performance
degradation(clock period). For examplethe reductionin TR for EWF-17is 22.22%. There-
ductionin TR is increasedip to 67.35%asin the caseof 32DCTF33. Similarly the reduction
VOD variesfrom 33.33%in the caseof EWF-17up to 90.48%in the caseof 32DCTF30 and
32DCT31. The volume of outputdatais considereddirectly proportionalto the numberof
signatureanalysisregisters.The numberof signatureanalysisregistersis very smalldueto the
large numberof modulesgroupedin TCCsandreuseof signatureanalysisregistersat differ-
enttesttimes. The volume of outputdatadoesnot have impactonly on the storagerequired
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for testdatabut alsoon the overall testapplicationtime which consistsof the testapplication
time (TAT) andthe shifting time requiredto shift outthetestresponseatthe endof thetesting
process.The shifting time requiresnga xk clock cycles,whereng, is the numberof signature
analysigegistersandk is thedatapathwidth. Thelastcolumnof Table2 shavsthereductionin
overall-TAT giventhe datapathwidth as8 bitsandT = 64. It shouldbe notedthatdueto high
testconcurreng, low testapplicationtime requiredfor eachdatapathmodule(T = 64), and
high numberof testregisters,the valueof shifting time is comparableo testapplicationtime.
This implies thatthe proposedBIST methodologyleadsto substantiakavingsin overall-TAT
dueto thereductionin signatureanalysisregisters.For all benchmarlcircuitswherebothBIST
embeddin@ndTCC groupingmethodologiesichiezedminimaltestapplicationtime (4xT) the
overall-TAT is reducedn the caseof the TCC groupingmethodologydueto a smallernumber
of signatureanalysisregisters. For example,in the case32DCTF30 the overall-TAT reduction
achievedby the TCC groupingmethodologywhencomparedo the BIST embeddingnethodol-
ogyis 35.85%.TheBIST hardwaresynthesisalgorithmhasexcellentcomputationatime. The
CPUtime requiredto achieve lowestTAT for benchmarkcircuitsis shovn in the lastcolumn
of Tablel. For example,in the caseof EWF and8 point DCT designsthe computationatime
variesfrom 0.7sto 3s. In thecaseof designswith hugetestabledesignspacdik e 32 point DCT,
high quality solutionsare achiezed in computationatimesrangingfrom 38sto 130s. A high
guality solutionis afully testabledatapathwith testapplicationtime equal(or almostequal)to
thelongestiestapplicationtime requiredto testthe mostrandompatternresistantnodule(4x T
in the caseof benchmarlcircuits of Table1). It shouldbe notedthat despitethe factthattest
registersandtestscheduleof thefinal solutionaredependenon theinitial randomassignment
of testregisters,the quality of the final solution (in termsof testapplicationtime and BIST
areaoverhead)s independentntheinitial randomassignmentiueto intelligentneighborhood
searchoutlinedin section3.

Although the emphasiof the work presentedn this paperis on built-in self-testabledata
pathsthefollowing discussiorclarifiestheissueof controllingthe controlleroutputswhile test-
ing thedatapath,andthatof testingthecontrolleritself. SincetheproposedIST methodology
targetsdataflow intensve applicationghereareonly afew flip flopsrequiredto implementthe
functional controller For example,in the caseof 32DCTF30 only 5 flip flops implementthe
30 control states.Sincecontrol signalsneedto be controlledduring testing,a BIST controller
is synthesized However, the size of the BIST controlleris smallandthe BIST controllercan
easilybememgedwith thefunctionalcontrollerfor bothcontrollingthe signalsduring datapath
testingandtestingthecontrolleritself. Thisleadsto insignificantareaoverheadvhencompared
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to the sizeof thedatapath. For example,in the caseof 32DCTF30the BIST controllerconsists
of 1 flip flop whichindicateshatdatapathis in testmode,6 flip flopsimplementinghe pattern
counter(T = 2), 2 flip flops implementingtestapplicationcontroller (TAT=4xT) and 1 flip
flop thatswitcheshetweerthe phase®f testapplicationandshifting outtestresponsesThere-
fore the entire controller (both functional and BIST controller) hasonly 15 flip flops which
is insignificantwhen comparedo the size of datapath (60 registersof which 18 LFSR and
2 MISR asshaown in Table 1). The control signalscontrolling the datapath are synthesized
usingboth functionalandtestspecificationandthe control logic (which is insignificantwhen
comparedo only onedatapathmultiplier) is testedoy configuringcontrollerinto aLFSR. This
doesnot addary performanceadegradationfor dataflow intensive applicationssincethe clock
periodis constrainedy the critical pathin the complex datapath. Furthermorepoththe size
of thememgedcontrollerandtestapplicationtime of the controlleris smallerin the caseof the
proposedl CC groupingwhencomparedo BIST embeddingdueto smallernumberof cycles
requiredto shift out testresponsesandlesslogic requiredto implementcontrol signalsduring
testing.If therandompatterngeneratedvy the LFSRarenot satishctoryto detectall thefaults
in the controllersomeadditionalDFT suchasscanneedso be inserted.To provide the com-
pletetestscenariothework in [8, 9] lendsitself well for the untestednultiplexersandregisters
sincethey necessitatenly 4 testpatterngegardlessof the bit width. Thereforeit is likely that
thesizeof the globalsetof functionalpatternamentionedn section2.1will besmall.
TheBIST hardwaresynthesidor TCC groupingmethodologyallows the hugetestablede-
signspaceto be exploredefficiently by combiningthe accurag of incrementatestscheduling
algorithmsandthe explorationspeedf testschedulingalgorithmsbasedon fixedtestresource
allocation,asoutlinedin section3. Thismeanst canbeusedwith extremelycomplex hypothet-
ical designsof dimensionshot often reportedin literature. Complex hypotheticaldatapaths
have beengeneratecsdescribedn the following. The numberof modulesnyog variesfrom
35to 45, andthe numberof registersnyg variesfrom 90to 115. The numberof module-types
is nres = 5. The maximumfanin for every register or input port of a moduleis M¢anin = 8.
The input register setof eachinput port of every modulecontainsa randomnumbern,, with
1 < ny < Mganin, Of randomlychoserregisters. Similarly, the numberof modulesmultiplexed
atthe input of eachregisteris a randomnumberny,, with 1 < ny < Msanin, Of randomlycho-
senmodules. The TAT of threemodule-typess assumed’, andin the caseof the othertwo
module-typesheTAT is consideredix T. Figure4 clearlydemonstratethatthe TCC grouping
methodologyovercomeshe problemsof the BIST embeddingn dealingwith complex hypo-

The complex hypotheticadatapathsareavailableon requesfrom theauthors
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theticaldatapaths.The complex hypotheticadatapathshave beenlabelledEX — 1 to EX — 9.
For most of the designsthe proposedTCC groupingreducesTAT whencomparedio BIST
embeddingHowever, whenbothBIST embeddingand TCC groupingachiese low TAT, there-
ductionsin BIST areaoverheadnumberof testregisters(impacton performancelegradation),
volumeof outputdataandoverall testapplicationtime aresubstantial For examplein the case
of EX-9reductionsof 50%in TAT, 23%in BAO, 47%in TR, 94%in VOD and61%in overall
TAT areachieved. Furthermorethe computationatime for obtaininghigh quality solutionsis
still very low relatedto the sizeof thetestabledesignspace For exampleit took lessthan600s
to find high quality solutionsfor datapathswith 45 modulesandupto 115registers.

Finally, Figure5 shavs how the proposedl CC groupingmethodologydecreasethe fault-
escapeprobability when comparedto the BIST embeddingmethodology The experiments
weredonefor a datapathmodulewith possible10® error sequencesyherethe aliasingerror
sequencedpr a givencharacteristipolynomialof signatureanalysisregister vary from 10to
90. Fault-escap@robability of amodulevariesfrom Py, = 0.01%to Py, = 0.09%. As it canbe
seernfrom Figure5(a),in thecaseof BIST embeddingnethodologythefaultescapgrobability
for groupof modules(Py) increasesisthe numberof modulestestedsimultaneouslyncreases.
On the other hand, in the caseof the TCC grouping, the fault-escapgrobability decreases
exponentiallywith the numberof modulestestedsimultaneoushasshowvn in Figure5(b). This
is dueto the fact that a fault is not detectedin the TCC grouping methodologyonly when
initially the n-input k-bit comparatofails to detectthe fault andsubsequentlyhe signatureof
aTCCalsofailsto detectthefault. A previouswork onreducingfault-escap@robabilityatthe
expenseof increasedareaoverhead performancelegradation,andvolumeof outputdatawas
presentedn [40]. Notethatthe proposednethodologydoesnotintroduceary areaoverhead,
nor performancealegradationwhilst the reductionin fault-escap@robabilityis exponential.

5 Conclusion

This paperhasaddressethetestabilityof RTL datapaths.It hasbeenshavn thatanimprove-
mentin termsof testapplicationtime, BIST areaoverhead performancelegradation,volume
of outputdata,overall testapplicationtime (the sumof testapplicationtime andshifting time
requiredto shift out testresponsesand fault-escapgrobability is achieved using the newly
introducedestcompatibility classes-basedethodology Thenew BIST methodologyis based
on groupingmoduleswith identicalphysicalinformationinto TCCsandtestingthe compatible
modulesby sharinga smallnumberof testpatterngeneratorst the sametesttime. An n-input
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k-bit comparatorchecksmodule output responsesrom eachTCC reducingthe fault-escape
probabilityandthe numberof signatureshathave to be shiftedout. The proposedr CC group-
ing methodologyis suitablefor RTL datapathswith both uniform andvariablebit width. A
new BIST hardwaresynthesisisesefficienttalu search-basestabledesignspacesxploration
which combinesthe accurag of incrementaltest schedulingalgorithmswith the exploration
speedf testschedulingalgorithmsbasedn fixedtestresourcallocation. Thehugesizeof the
testabledesignspaceis reducedby consideringonly the representatie partially testabledata
pathsduringthelocal neighborhoodearch An incrementall CC schedulingalgorithmfurther
shrinksthe sizeof thetestabladesignspaceby generatingafully testabledatapathusingsimul-
taneoudest schedulingand signatureanalysisregistersallocation. BIST hardware synthesis
algorithmfor theproposedr CC groupingmethodologyhasbeentestedexhaustvely for bench-
mark and complex hypotheticaldatapaths. Whencomparedo the traditional BIST embed-
ding methodologythe TCC groupingmethodologyis capableof reducingthe testapplication
time with comparableof evenlower BIST areaoverheadandhigh reductionsn performance
degradation,volume of outputdata,fault-escapgrobability and overall testapplicationtime.
Furthermordghe propose®IST hardwaresynthesisalgorithmachiezeshigh quality of thefinal
solutionin low computationatime.

Theproposednethodologyandthe BIST hardwaresynthesisalgorithmhave beensuccess-
fully integratedn high-level synthesislesignflow [36] leadingto lower designcycle by consid-
eringtestabilityathigherlevelsof abstractionthanthegate-level. Thisreinforcegheconclusion
reachedecentlyby otherresearcher®—8] thattestabilityof digital circuitsis bestexploredand
optimizedattheregistertransferevel. Sincethe proposednethodologytargetsRTL datapaths
of dataflow intensve designduturework will investigatentegratedcontroller/datgathtesting
for bothdataflow andcontrolflow intensve circuits.
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ALGORITHM: TestableDesignSpaceExploration
INPUT: Data Path DP
OUTPUT: Fully TestableData Path FT-DPpeg
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for everymoduleM, from DP witha=1,...,npoqdO
for everyinputport 1B of Mg with k= 1,2 do
choosaandomlyRy from IRS Mg, 1 Fx)
andassignit to performTPGF(this resultsinto PT-DPyyit)
PT-DPcurrert <P T-DPinit

repeat

for eachregisterR, from PT-DPyrrert With X =1,...,Nreg do {

}

generatehe new solutionPT-DPy (section3.2)

generate globaltestincompatibilitygraphT usingPT-DPy
(section3.3)

generatdestschedules, andfully testabledatapathFT-DPy
usingT andPT-DPy by simultaneousestschedulingand
signatureanalysisregistersallocation(section3.3)
computetestapplicationtime Ty usingtestschedules,
computeBIST areaoverheadAy usingFT-DPy

for eachFT-DPy orderedusing Ty andAy do {

}

if not tabu(FT-DP) or aspirated(FIDPy) then {
P-I-'Dpcurrert <—P-I-'DPX
if bestsolutionsofarthen
FT-DPpeg <+ FT-DPy
break

}

until iterationssincepreviousbestsolution> Njter
return FT-DPpeg

Figure3: Talu search-basetstabledesignspacesxploration
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M R BIST embedding TCC grouping CPU

Design O E BIST resources TAT BIST resources TAT time

D G Testregisters TestRegisters Comparators (s)

EWF-17| 3*3+ | 12 || 6LFSR,3MISR | 5xT || 5LFSR,2MISR 2C3 4xT 1.05
EWF-18| 2*3+ | 12 5LFSR,4MISR | 4xT 5LFSR,1 MISR 1C3,1C2 4xT 2.17
EWF-19| 2*2+ | 12 || 6LFSR,4MISR | 4xT || 4LFSR,2MISR 2C2 4AxT 0.73
EWF-20| 2*2+ | 12 6 LFSR,4MISR | 4xT 4LFSR,2 MISR 2C2 4xT 0.75
EWF-21| 2*3+ | 13 || 5LFSR,4MISR | 5xT || 5LFSR,2MISR 2C2 4AxT 1.58
EWF-23| 1*2+ | 11 5LFSR,3MISR | 4xT 4LFSR,2 MISR 1C2 4xT 0.69
8DCT10 | 4*4+ | 15| 7LFSR,6MISR | 5xT || 8LFSR,3MISR 2C2,1C4 4AxT 2.56
8DCTF11 | 4*3+ | 15| 8LFSR,7MISR | 5xT || 6LFSR,2MISR 1C3,1C4 4AxT 2.57
8DCT12 | 4*3+ | 16 8 LFSR,6 MISR 5xT 8LFSR,2 MISR 1C3,1C4 4xT 1.86
8DCTF13 | 4*4+ | 16 || 9LFSR,5MISR | 5xT || 8LFSR,2MISR 2C4 4AxT 2.67
8DCT14 | 3*3+ | 16 9LFSR,6 MISR | 4xT 5LFSR,2 MISR 2C3 4xT 1.20
8DCTF16 | 3*2+ | 16 || 7LFSR,5MISR | 4xT || 5LFSR,2MISR 1C2,1C3 4AxT 1.15
32DCTF30 | 9*%,12+ | 60 || 33LFSR,21MISR | 4xT | 18LFSR,2MISR | 1C5,1C7,1C9 | 4xT || 129.70
32DCTF31 | 9*,12+ | 62 || 33LFSR,21MISR | 4xT | 19LFSR,2MISR | 1C5,1C7,1C9 | 4xT | 124.40
32DCTF32 | 8*12+ | 62 || 32LFSR,20MISR | 4xT || 16LFSR,2 MISR 1C4,2C8 4xT || 103.70
32DCTF33 | 8*11+ | 62 || 30LFSR,19MISR | 4xT | 14LFSR,2MISR | 1C5,1C6,1C8 | 4xT 55.00
32DCTF37 | 8*9+ | 63 || 26LFSR,17MISR | 4xT || 16LFSR,2MISR | 1C3,1C6,1C8 | 4xT 86.64
32DCTF38 | 9*9+ | 59 || 27LFSR,18MISR | 4xT | 16LFSR,2 MISR 2C9 4xT 38.47
32DCTF39 | 8*9+ | 60 || 26 LFSR,17MISR | 4xT | 17LFSR,2 MISR 1C8,1C9 4xT 45.46
32DCTF40 | 7*,10+ | 61 || 27LFSR,17MISR | 4xT | 16LFSR,2 MISR 1C7,1C10 4AxT 45.24

Tablel: Comparisorof BIST resourcesndtestapplicationtime usingthe TCC groupingand
the BIST embeddingnethodologie$or benchmarlexamples
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BIST areaoverhead overall-

TAT : TR VOD

Design | reduction reduchon(%) reduction | reduction TAT.
(%) _Datapat_hW|dth . (%) (%) reduction

4bit | 8bit | 16bit (%)

EWF-17 20 -14.29| -17.95| -20.00 22.22 33.33 20.93
EWF-18 0 3.17 | 0.00 | -1.78 33.33 75.00 8.33
EWF-19 0 18.57 | 16.15| 14.80 40.00 50.00 5.56
EWF-20 0 18.57 | 16.15| 14.80 40.00 50.00 5.56
EWF-21 20 -1.59 | -4.27 | -5.78 22.22 50.00 22.73
EWF-23 0 11.61| 10.10 | 9.25 25.00 33.33 2.86
8DCT10 20 -18.13| -21.60| -23.54 15.38 50.00 23.91
8DCT11 20 20.95 | 18.46 | 17.07 46.67 71.43 27.66
8DCT-12 20 1.02 | -1.65 | -3.14 28.57 66.67 26.09
8DCT13 20 -3.06 | -6.04 | -7.71 28.57 60.00 24.44
8DCT14 0 31.43 | 29.23 | 28.00 53.33 66.67 10.53
8DCT16 0 19.05 | 16.67 | 15.33 41.67 60.00 8.11
32DCTF30 0 41.14 | 39.25| 38.19 62.96 90.48 35.85
32DCTF31 0 39.29 | 37.39 | 36.33 61.11 90.48 35.85
32DCTF32 0 43.82 | 41.94 | 40.88 65.38 90.00 34.62
32DCTF33 0 45.63 | 43.72 | 42.65 67.35 89.47 33.33
32DCTF37 0 33.72 | 31.75| 30.65 55.81 82.35 28.57
32DCTF38 0 37.46 | 35.56 | 34.49 60.00 88.89 32.00
32DCTF39 0 33.55| 31.66 | 30.60 55.81 88.24 30.61
32DCF40 0 37.34 | 35.49 | 34.45 59.09 88.24 30.61

Table2: Reductionin testapplicationtime, BIST areaoverheadnumberof testregisters,vol-
ume of outputdataand overall testapplicationtime for benchmarkexamplesusingthe TCC
groupingmethodology
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